It was found that the growth of Aeropyrum pernix was severely inhibited in a medium containing reducing sugars and tryptone due to the formation of Maillard reaction products. The rate of the Maillard browning reaction was markedly enhanced under aerobic conditions, and the addition of Maillard reaction products to the culture medium caused fatal growth inhibition.
Recently, hyperthermophiles have attracted much interest due to their potential industrial applications. Despite their biotechnological potential, however, it has been difficult to cultivate hyperthermophiles in the laboratory due to the sparsity of knowledge on their physiological characteristics at high temperatures. Since the growth of hyperthermophiles is generally very poor, low biomass yield has been one of the major challenges encountered in the cultivation of hyperthermophiles (4, 9, 22) . To meet this challenge, previous studies have focused on the factors that affect the growth of Sulfolobus solfataricus (12, (15) (16) (17) (18) (19) (20) , a thermoacidophilic archaeon that normally grows at 75 to 85°C and pH 2.0 to 4.0 (7, 24) . One recent study showed that prolonged incubation of L-glutamate under culture conditions with S. solfataricus resulted in the conversion of L-glutamate to L-pyroglutamate and that the L-pyroglutamate acted as a potent growth inhibitor of S. solfataricus (20) . This indicated that a chemical modification of the medium at elevated temperatures might be one of the major constraints that limit the efficient growth of hyperthermophiles.
In this report, we present another example of a chemical modification of the culture medium at high temperatures and its toxic effect on cell growth. During cultivation of Aeropyrum pernix, a marine hyperthermophilic archaeon which grows under strictly aerobic conditions at temperatures up to 100°C (21), we observed the Maillard browning reaction between sugars and amino acids in the medium and significant growth inhibition by these Maillard reaction products.
A. pernix strain K1 (JCM 9820), which was isolated from a coastal solfataric vent in Japan (21) , was obtained from the Japan Collection of Microorganisms. The base medium was composed of tryptone (4.0 g/liter), Na 2 , and ASN-III salts) for 48 h. The initial pH of the culture medium was set at 7.0, and the incubation was carried out at 90°C in a rotary shaker at 150 rpm (Jeiotech Co., Seoul, Korea). Cell growth was observed by monitoring optical density at 660 nm (OD 660 ).
The formation of Maillard reaction products and their inhibitory effects were first observed when the cells were cultivated in a mixture of tryptone and D-glucose. A. pernix was able to grow on various proteinaceous complex media, such as tryptone, peptone, Casitone, and yeast extract. Among the proteinaceous complex media tested, the highest cell density was observed with tryptone, and cell densities increased with increasing concentrations of tryptone, up to 4.0 g/liter, in the culture medium ( Fig. 1 ). As the content of carbohydrates in tryptone was low, we examined whether the supplementation of the base medium with D-glucose could increase the maximum cell density. Contrary to our expectation, however, cell growth was completely abolished by the addition of D-glucose (3.0 g/liter) to the base medium ( Fig. 1 ). In addition, the color of the culture broth gradually turned to a dark brown, which was not observed when the cells were cultivated in the medium containing tryptone alone.
Browning of culture broth in the presence of D-glucose reminded us of the Maillard reaction, which concerns a series of complex reactions between reducing sugars and amino acids (1, 8, 10, 14) . The extent of this Maillard browning reaction of the culture medium was examined using separate experiments. A thermochemical reaction was carried out at 90°C in a screwcap flask (100 ml) containing 4.0 g of tryptone/liter with or without 3.0 g of D-glucose/liter. The initial pH of the reaction mixture was 7.0. After the samples were cooled to room temperature and insoluble materials were removed by centrifugation, the formation of advanced Maillard reaction products was monitored by measuring the OD 420 s of the solutions (2, 3). In the absence of D-glucose, the browning of tryptone solution was largely insignificant (Fig. 2 ). However, upon the addition of D-glucose to the tryptone medium, the rate of the browning reaction was increased some sixfold compared to that observed without D-glucose. This indicated that the Maillard reaction had occurred between the glucose added to the medium and the amino acids contained in tryptone in the culture (at 90°C and pH 7.0 and under aerobic conditions).
A. pernix is a strictly aerobic hyperthermophile, while the majority of the hyperthermophilic archaea isolated so far are anaerobes. Interestingly, a number of anaerobic hyperthermophiles grow well on carbohydrates. To examine the role of oxygen in the Maillard reaction, we repeated the experiment under anaerobic conditions. Resazurin (1.0 mg/liter) was added to the medium as a redox indicator, and the culture flask was sparged with inert gas (N 2 ) until the solution became colorless. As shown in Fig. 2 , the formation of Maillard reaction products was remarkably reduced by lowering the oxygen content in the medium. In view of this result, it appears that the extent of the Maillard browning reaction becomes most rigorous when aerobic hyperthermophiles such as A. pernix are cultivated. There is some evidence which supports the role of oxygen as a catalyst of the Maillard reaction (10) . It is interesting that S. solfataricus, an aerobic, extremely thermophilic archaeon, can grow in the media containing sugars and proteinaceous complex media. From the separate experiments, we found that the formation of Maillard reaction products could be greatly reduced at lower pHs. This may be the reason why S. solfataricus grows well on carbohydrates under culture conditions (pH 3.0, 78°C).
We examined the formation of Maillard reaction products and their effects on cell growth with various carbohydrates, namely, sugars (D-glucose, D-fructose, D-galactose, D-xylose, methyl ␣-D-glucopyranoside, methyl-␤-D-glucopyranoside, maltose, lactose, sucrose, trehalose, raffinose, starch, and dextrin), sugar alcohols (D-sorbitol, D-mannitol, and myoinositol), and organic acids (pyruvate, malate, citrate, ␣-ketoglutarate, fumarate, and transaconitate). In Fig. 3 , the time course profiles of cell growth and the Maillard reaction are shown for eight sugars. Maximum cell densities were much reduced in the media containing reducing sugars (i.e., D-glucose, D-fructose, D-galactose, lactose, and maltose) compared to those in the media containing nonreducing sugars (i.e., methyl-␣-D-glucopyranoside, methyl-␤-D-glucopyranoside, trehalose, sucrose, and dextrin). In the case of reducing sugars, cell death was accompanied by an increase in the level of Maillard reaction products. The results summarized in Table 1 indicate that there is an approximate inverse relationship between increased cell density (change in OD 660 [⌬OD 660 ]) and Maillard product formation (⌬OD 420 ). The rate of the Maillard reaction was lowest when sugar alcohols or organic acids were added to the base medium, particularly when myoinositol, malate, or citrate was used as a supplement. The addition of these species enhanced cellular growth and reduced the Maillard reaction product levels.
Although the results in Table 1 indirectly support the view that the growth of A. pernix is inhibited by the compounds formed between reducing sugars and tryptone, it is possible that the cell growth is inhibited by the loss of nutrient availability due to thermal decomposition of labile components. To examine whether the compounds, which had an inhibitory effect on the cell growth, were in fact Maillard reaction products, we synthesized these products from the well-defined substrates D-glucose and L-lysine. The reaction was carried out at 90°C with a mixture of D-glucose and L-lysine (each at a concentration of 100 mM, pH 7.0). Aliquots (10 ml) were withdrawn after 0, 4, 8, and 16 h of incubation and added to the culture medium (90 ml) before cell inoculation. The cell culture conditions used were identical to those employed for the previous experiments. As can be seen in Fig. 4 , the growth of A. pernix was significantly inhibited by the Maillard reaction products obtained from D-glucose and L-lysine. The degree of growth inhibition was more severe with the Maillard reaction products formed after an extended reaction time.
Relatively little data are available on the effects of Maillard reaction products on microbial growth (6, 11, 13, 23) , and most of the relevant studies concerned the formation of these products in autoclaved growth media. Recently, Driskill et al. (5) observed browning of culture medium during the cultivation of Pyrococcus furiosus, an anaerobic hyperthermophilic archaeon that grows optimally at about 100°C, in the medium containing D-glucose. They also observed low growth yields of P. furiosus on D-glucose compared to the yields obtained on larger carbohydrates such as maltose, cellobiose, and laminarin. Although these workers considered this a consequence of the loss of substrate availability due to thermal lability of the monosaccharide, it is possible that the Maillard reaction products formed from the medium components inhibited the growth of P. furiosus. Unfortunately, they did not pursue this possibility.
The results presented in this report indicate that the cultivation of hyperthermophilic microorganisms in media containing reducing sugars and amino compounds is undesirable due to the accelerated formation of Maillard reaction products at elevated temperatures. Thus, when hyperthermophiles are cultivated, the periodic addition of culture medium to fed-batch cultures is desirable to increase the cell densities (5, 17) . Alternatively, the use of nonreducing sugars, sugar alcohols, or organic acids as carbon sources should result in a biomass increase due to the reduced production of Maillard reaction products, as is the case with A. pernix. However, it remains to a Cells were cultivated at 90°C in a medium composed of tryptone (4.0 g/liter), carbohydrate (3.0 g/liter), and ASN-III salts. Changes in cell density (⌬OD 660 ) and Maillard reaction product levels (⌬OD 420 ) were determined after cultivation of the cells for 74 h.
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GROWTH INHIBITION BY MAILLARD REACTION PRODUCTS 4327 be seen whether Maillard reaction products are toxic to other hyperthermophiles, and this will be the subject of our future study.
